The complete genomes of three strains from the phylum Acidobacteria were compared. Phylogenetic analysis placed them as a unique phylum. They share genomic traits with members of the Proteobacteria, the Cyanobacteria, and the Fungi. The three strains appear to be versatile heterotrophs. Genomic and culture traits indicate the use of carbon sources that span simple sugars to more complex substrates such as hemicellulose, cellulose, and chitin. The genomes encode low-specificity major facilitator superfamily transporters and high-affinity ABC transporters for sugars, suggesting that they are best suited to low-nutrient conditions. They appear capable of nitrate and nitrite reduction but not N 2 fixation or denitrification. The genomes contained numerous genes that encode siderophore receptors, but no evidence of siderophore production was found, suggesting that they may obtain iron via interaction with other microorganisms. The presence of cellulose synthesis genes and a large class of novel high-molecular-weight excreted proteins suggests potential traits for desiccation resistance, biofilm formation, and/or contribution to soil structure. Polyketide synthase and macrolide glycosylation genes suggest the production of novel antimicrobial compounds. Genes that encode a variety of novel proteins were also identified. The abundance of acidobacteria in soils worldwide and the breadth of potential carbon use by the sequenced strains suggest significant and previously unrecognized contributions to the terrestrial carbon cycle. Combining our genomic evidence with available culture traits, we postulate that cells of these isolates are long-lived, divide slowly, exhibit slow metabolic rates under low-nutrient conditions, and are well equipped to tolerate fluctuations in soil hydration.
very slowly, requiring several days to weeks to form visible colonies on complex, low-nutrient media (16, 21, 37, 44, 61, 81) . Such culture difficulties substantially confound our ability to determine the metabolic and physiological traits of the members of this phylum.
The ubiquity and abundance of acidobacteria in soils and their ability to withstand polluted and extreme environments suggest that they serve functions that are important in the environment and that are potentially quite varied. Despite our ability to detect them in many environments by molecular methods, we know very little about their individual physiology and even less about their potential functions in, or metabolic contributions to, the environment. The goal of this project was to identify potential acidobacterial traits that suggest ecological roles for members of this phylum in soil so that these might be tested more directly in soil environments. To circumvent the culture difficulties, we took a genomics approach to identify these traits. The complete genomes of three acidobacterial strains are described here with a comparison of genome features focused on acidobacterial traits that may contribute to survival and growth in soil, including their transporters and their abilities to use carbon, cycle nitrogen, scavenge iron, and produce antimicrobial compounds.
the A. capsulatum genome was 49,530 reads, averaging about 10-fold coverage per base.
The random shotgun method was used to sequence the genomes of Ellin345 and Ellin6076. Large (40-kb)-, medium (8-kb)-, and small (3-kb)-insert random sequencing libraries were sequenced for these genome projects. After the shotgun stage, reads were assembled with parallel Phrap (High Performance Software, LLC). Possible misassemblies were corrected with Dupfinisher (C. Han, unpublished data) or transposon bomb analysis to bridge sequences between clones. Gaps between contigs were closed by editing, custom primer walks, or PCR amplification. The completed genome sequence of Ellin345 contains 60,626 reads, while that of Ellin6076 contains 106,291 reads, with both genomes achieving an average of 10-fold sequence coverage per base with an error rate of less than 1 in 100,000.
Sequence annotation and analysis for A. capsulatum. Identification of putative protein-encoding genes and annotation of the genome were performed as previously described (24, 82 ). An initial set of open reading frames (ORFs) predicted to encode proteins (coding sequence) was identified with GLIMMER. ORFs consisting of fewer than 30 codons and those containing overlaps were eliminated. Frameshifts and point mutations were corrected or designated "authentic." Functional assignment, identification of membrane-spanning domains, determination of paralogous gene families, and identification of regions of unusual nucleotide composition were performed as previously described. Phylogenomic analysis (22, 23) was used to assist with functional predictions. Sequence alignments and phylogenetic trees were refined as described previously (74) . The A. capsulatum project is registered with GenBank under project ID 28085, and a GenBank submission is in preparation.
Sequence analysis and annotation for Ellin345 and Ellin6076. Identification of putative protein-encoding genes and initial automated annotation of the genomes were performed by the Department of Energy (DOE) Joint Genome Institute (http://compbio.ornl.gov/public/section/genome.html). Comparative analysis of the Ellin345 and Ellin6076 genomes was performed in part with the Integrated Microbial Genomes system (55) (http://img.jgi.doe.gov).
Phylogenetic reconstruction. For each of 31 phylogenetic markers (dnaG, frr, infC, nusA, pgk, pyrG, rplA, rplB, rplC, rplD, rplE, rplF, rplK, rplL, rplM, rplN, rplP, rplS, rplT, rpmA, rpoB, rpsB, rpsC, rpsE, rpsI, rpsJ, rpsK, rpsM, rpsS, smpB, and tsf) , an automated system was applied that identified the marker in query genomes, aligned the sequences, and trimmed the alignment according to a predefined mask. For each marker, seed protein sequences were aligned and manually edited and a hidden Markov model was made. A sequence mask was manually attached to each alignment to indicate the ambiguous columns to be removed. The hidden Markov models were then used with the HMMER package to accomplish steps 1 and 2 described above.
␣-Glucuronidase sequence comparisons. Sequences were aligned with MUSCLE (20) . The aligned sequences were clustered with the SECATOR algorithm (90) , which relies on BIONJ (27) to build a tree from the multiplesequence alignment and subsequently collapses the branches from subtrees after identification of the nodes joining different subtrees (90) . The neighbor-joining tree was made from the resulting distance matrix by using Blosum62 substitution parameters.
Nucleotide sequence accession numbers. The complete genome sequences of A. capsulatum, Ellin345, and Ellin6076 have been deposited in the GenBank database under accession numbers CP001472, CP000360, and CP000473, respectively.
RESULTS AND DISCUSSION
General genome features. The three genomes differed greatly in size ( Table 1 ). The A. capsulatum genome was the (32, 46, 94) but the deeper relationships to other phyla were unclear. A recent study placed two of the acidobacterial isolates within the class Deltaproteobacteria (11) . However, the coherence of the class Deltaproteobacteria can be disturbed by the introduction of new taxa (53) . Phylogenetic analysis with a concatenated data set of 31 proteins obtained from our genome sequence data confirmed the monophyly of the acidobacteria indicated by 16S rRNA gene analysis and placed them adjacent to the proteobacteria in 87% of the trees generated from bootstrapped data sets (Fig. 1) . Single-protein phylogenies reconstructed from all of the proteins encoded by the A. capsulatum genome support the acidobacterial-proteobacterial relationship; more A. capsulatum proteins are most closely related to proteobacterial equivalents than to those from any other phylum (data not shown). Other genomic evidence suggests a shared ancestry and/or lateral transfer of genes between the acidobacteria and proteobacteria (57, 66 ). An acidobacterial quorum-quenching lactonase detected in a soil metagenome was found to be most closely related to rhizobial equivalents (67) . In most soils, the two most abundant phyla are Acidobacteria and Proteobacteria (34) and in acid mine environments, acidobacteria and acidophilic alphaproteobacteria such as Acidosphaera spp. and Acidicaldus organovorus (35) have been found to occur together. The co-occurrence and relative abundance of these two phyla support the possibility of lateral gene transfer between their members.
General genome similarities. Using bidirectional best-hit analysis of all protein sequences, we compared the overall compositions of these three genomes (Fig. 2) . About 25% of the protein coding sequence of A. capsulatum or Ellin345 was unique to that genome, and about 34% of the Ellin6076 genome was unique. As expected, genes common to all three strains mostly encoded housekeeping functions, while the unique genes were dominated by hypothetical proteins or proteins of unknown function. For the genes found to be common to all three genomes and in each pairwise comparison, see Table S1 in the supplemental material. Further characterization of the strain-specific genes by gene expression and protein structure analyses would provide much-needed information about the metabolic capabilities and physiology of these acidobacteria.
Carbohydrate use. The ability to use a variety of carbon substrates is often used as a diagnostic characteristic of individual species and also suggests potential activities in soil. The presence of genes indicative of carbon substrate use is presented in Table 2 . In some cases, this capability has also been verified by culture on that substrate (Table 2) (41, 71) . All three genomes encode the ability to degrade a variety of sugars, amino acids, alcohols, and metabolic intermediates. They also encoded the ability to use complex substrates such as xylan, hemicelluloses, pectin, starch, and chitin. Polymeric carbon forms have been successful substrates for cultivating acidobacteria from soils, possibly because they allow the acidobacteria to outcompete other bacterial species unable to use these complex substrates at low concentrations (16, 37, 73, 75) . The genomes contained a large number of glycoside hydrolase-encoding genes, placing them in the top 5% of the Ͼ500 bacterial genomes surveyed in the carbohydrate-active enzyme database (www.cazy.org). The genome of Ellin6076 contained more glycoside hydrolases (n ϭ 117) than the human genome and almost three times as many as that of Saccharomyces cerevisiae (14) . Genes involved in carbohydrate transport and metabolism constituted one of the four most expanded gene families in Ellin6076 and contributed to the relatively large size of its genome.
All three genomes contained candidate cellulases from glycoside hydrolase family 9. Ellin345 and Ellin6076 also contained ␤-glucosidases from family 1, suggesting that they are able to degrade cellulose substrates. Although none of the cellulases contained typical cellulose-binding domains, culture studies substantiate this finding (Table 2 ) (71). The Ellin6076 genome was also rich in enzymes capable of degrading other plant cell wall polysaccharides, with complete enzymatic pathways (polysaccharide lyases and pectin esterases) for the degradation of pectins and hemicelluloses. A. capsulatum also contained genes that encode plant cell wall-degrading enzymes, with a particularly large cluster that encodes pectin degradation. Ellin345 appeared capable of hemicellulose side chain degradation. All three acidobacterial genomes encoded a candidate ␣-glucuronidase from family GH67 (plant cell wall hemicellulose degradation) that appeared to share the highest sequence similarity with fungal homologs (Fig. 3 ). This evidence for an ancestral horizontal transfer event has not been reported for members of any other glycoside hydrolase family. Genome traits conferring carbohydrate-based carbon storage mechanisms (glycogen) and compatible solutes (trehalose) were found in all three genomes. These suggest a potential role for carbohydrates in nutritional pathways, as well as in desiccation resistance.
The predicted polymer-degrading properties reveal acidobacteria as decomposers in the soil that potentially participate in the cycling of plant, fungal, and insect-derived organic matter. The numerical abundance of soil acidobacteria suggests that this contribution may be quantitatively significant. A recent metagenomic analysis of deep Mediterranean seawater that used 16S rRNA-targeted PCR approaches and metagenomic binning (56) found acidobacteria to be among the dominant bacterial groups. The metabolic genes were mostly related to the transport and degradation of biopolymers, suggesting that acidobacteria may also contribute to decomposition in the marine environment.
The acidobacterial genomes suggest further flexibility and novelty in their ability to metabolize carbon. Each genome contains genes predicted to encode carbon monoxide dehydrogenase, as noted previously for Ellin345 and Ellin6076 (40) but not previously reported for A. capsulatum. Given the absence of ribulose-1,5-bisphosphate carboxylase/oxygenase or other enzymes predicted to be involved in autotrophic carbon fixation, it seems likely that the acidobacteria supplement their (primarily heterotrophic) energy budget with CO rather than derive significant amounts of carbon in this way, as recently suggested for supplemental lithoheterotrophs such as Silicibacter pomeroyi (59) (referred to as "mixotrophs" in other literature [40] ).
Oxidation of CO (either experimentally determined or predicted from genome sequencing) is found in other major groups of soil organisms, such as the actinobacteria, pseudomonads, and rhizobia (40) . Many of these organisms are also able to degrade complex plant polymers; it is tempting to speculate that this property and CO oxidation both arose as scavenging strategies to optimize life in a low-carbon environment. It has been estimated that CO-oxidizing bacteria remove approximately 20% of the total global CO input to the atmosphere (40) . The consumption of CO by acidobacteria remains to be experimentally confirmed, but it seems plausible that acidobacteria make a quantitatively significant contribution to two major parts of the carbon cycle: degradation of complex polymers and CO oxidation.
Nitrogen metabolism. Genomic evidence suggested that the role of acidobacteria in nitrogen cycling in soils and sediments is the reduction of nitrate, nitrite, and possibly nitric oxide. Assimilatory nitrate reductase gene sequences found in the acidobacteria are most similar to those described for the cyanobacteria (68) . The A. capsulatum and Ellin6076 genomes contained candidate genes for nitrate reductase. These genes had some sequence similarity to assimilatory (narB) and respiratory (narG) nitrate reductase genes found in cyanobacteria (narB) and Thermus thermophilus (narG) (8) . A homolog of these genes was not identified in Ellin345. All three genomes contain nirA, which encodes nitrite reductase, as well as ntcB and glnB, which encode nitrogen regulatory proteins that affect the transcription of narB and nirA. Ellin6076 had one candidate for another nitrogen regulator, ntcA. Only genomes from the two soil strains contained norB and potentially a norC homolog, suggesting nitric oxide reductase capability. We found no evidence of the ability to fix N 2 (nifH), oxidize am- Simple sugars monium (amoA), or denitrify nitrous oxide (nosZ) in the three genomes. Candidate genes for nitrate transport (nrtABCD) were found in both soil strains. Transporters. Comparison of the major transporter families in the three genomes provided information on the potential metabolic capabilities of the acidobacterial strains and showed that the three species contained a very wide variety of individual transporters. In general, the soil strains contained a wider variety of genes that encode transporters than did A. capsulatum ( Table 3 ). The acidobacterial genomes lacked sugar-transporting phosphotransferase system homologs, a trait shared with 22% of bacteria and one that correlates with strictly aerobic carbohydrate metabolism (1) . Instead, all three genomes contained the lower-specificity major facilitator superfamily system for sugar transport, as well as high-affinity ABC transporters proposed to be advantageous in low-nutrient environments (63) ( Table 3) .
A large proportion of each genome encoded transporters (about 6% of the total coding sequence in each of the three genomes). The ion channels, ABC transporters, and different types of secondary porters (uniporters, symporters, antiporters) are summarized in Table 3 . The three acidobacterial genomes contain similar numbers of ion channel proteins and P-type ATPases for cation transport. Ellin6076 contained twice as many ABC-type transporters as Ellin345 and four times as many as A. capsulatum. This difference was primarily due to a large number of macrolide exporters (n ϭ 117) in Ellin6076.
All three genomes contained a variety of secondary porters that transport a wide variety of substrates (e.g., carbon substrates, amino acids, drugs, metals, nitrate/nitrite, fatty acids, ions, proteins) in a carrier-mediated process. Ellin6076 contained twice as many major facilitator superfamily-type carriers as Ellin345 and A. capsulatum, a difference that was largely due to an abundance of anion:cation symporters.
Iron uptake and metabolism. There is growing evidence that acidobacteria play an important role in iron redox reactions. They have been detected in and sometimes found to dominate 16S rRNA gene sequence libraries from iron-rich mine environments (e.g., see references 4, 43, 69, and 93).
The ability to scavenge iron is critical for survival in soils. All three genomes contained genes that should enable these isolates to take up iron from the environment, including the genes feoAB, which encode a high-affinity ferrous (Fe 2ϩ ) iron transporter (38, 86) . Iron is likely to exist mostly as ferrous ion only under reducing conditions caused by anaerobic and/or low-pH conditions, and the bacterial species for which this pathway has been characterized are all facultative anaerobes. The three sequenced acidobacterial strains were isolated under aerobic conditions, and their ability to grow under anaerobic conditions has not yet been tested. A different acidobacterial strain has been shown to oxidize ferrous iron at pH Ͼ3 (31), and A. capsulatum and related strains could catalyze dissimilatory ferric iron reduction under oxygen-limited conditions (14) , sug- 
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gesting that the acidobacteria may be capable of ferrous ion oxidation, as well as anaerobic or microaerophilic growth. Ellin345 and A. capsulatum, but not Ellin6076, contained genes identified as encoding iron permease FTR1 and FTR1 family proteins, as well as sequences similar to that of fet3p, which encodes a multicopper oxidase involved in FTR1-mediated iron uptake in yeast (78) . Experiments with Pseudomonas aeruginosa indicate that the multicopper oxidase mco is a ferroxidase that functions in Fe 2ϩ uptake (34) . The two A. capsulatum sequences (ORFA01590 and ORFA00877) have 49 and 48% amino acid identities to the P. aeruginosa mco gene (33) , while the Ellin345 and Ellin6076 sequences had lower amino acid identities (22 to 39%) to P. aeruginosa mco. All of the acidobacterial sequences have domain structures similar to that of the P. aeruginosa gene product, suggesting that they too may be involved in Fe 2ϩ uptake. The three genomes contain other iron transporter genes, including several genes that encode Mn 2ϩ and Fe 2ϩ transporters of the NRAMP family. Mechanisms of dissimilatory ferric iron reduction have been investigated in Shewanella oneidensis and in Geobacter species. Searches for cytochrome c proteins shown to be involved in ferric iron reduction in S. oneidensis (OmcA, OmcB, MtrA, MtrB, CymA) identified mtrA homologs in all three acidobacteria, one omcA candidate in Ellin345, and five genes in Ellin6076 that could be candidates for either omcA or omcB. Geobacter sulfurreducens proteins (OmcB, OmcD, OmcE, FerA [ϭ OmcB], PpcA, Fro-1) were also searched for but were not detected in the acidobacterial genomes. These results sug- gest that the acidobacteria do not use a pathway for ferric iron reduction similar to that of either Shewanella or Geobacter.
Bacteria that can scavenge iron via excreted siderophores have a potential advantage in soils where iron is tightly bound to soil colloids and the available concentration is growth limiting. BLAST searches of the A. capsulatum, Ellin345, and Ellin6076 genomes by using the sequences of proteins required for the synthesis of pyoverdine, mycobactin, enterobactin, bacillobactin, aerobactin, vibrioferrin, alcaligin, and other siderophores as queries revealed no highly similar sequences, leading to the initial conclusion that none of the three genomes contained any obvious genes for siderophore biosynthesis. However, there were candidates in each genome for some of the genes that make up the enterobactin biosynthetic pathway, namely, entA, entB, entD, entE, and entF, as well as the enterobactin exporter gene entS, and the three genomes contained genes that encode candidate siderophore receptors.
The identification and analysis of these genes provided several clues that these three acidobacteria may use siderophores produced by other microorganisms. (i) All three genomes contained multiple copies of the tonB, exbB, and exbD genes, which are necessary for siderophore transport (28, 50, 51, 65, 70) . (ii) All three genomes contained many genes that encode TonB-dependent receptors, and the known siderophore receptors are TonB-dependent receptors (reviewed in references 13, 28, 50, and 65). (iii) With known siderophore receptor sequences as queries, the top BLAST hits (with an E-value cutoff of 1e-05) were to one or more of the TonB-dependent receptor genes in all three genomes. In addition to the candidate TonBdependent siderophore receptor genes, we also found candidates for pvuE, which encodes the ATPase component of a vibrioferrin transporter, and fepB, which encodes the periplasmic solute-binding component of an enterobactin transporter. However, genes that encode the other components of these transporters were not found.
PKSs and NRPSs. Polyketide synthase (PKS) and nonribosomal peptide synthase (NRPS) enzymes are well known for their roles in the synthesis of siderophores, as well as other natural products such as antibiotics, antifungals, antivirals, antitumor agents, and antinematodal agents (reviewed in references 9, 15, 30, 47, and 58). NRPSs also make biosurfactants (79) . The A. capsulatum genome contained three clustered genes that encode NRPSs, several genes that encode PKSs, and one hybrid NRPS-PKS gene. The NRPS genes contained domains present in EntE and EntF. These are subunits of the enterobactin synthase multienzyme complex (identified by SEARCHPKS [92] and CD-Search [54] ). Several PKS genes were found in the two soil strains, although they were not localized in one region as in the A. capsulatum genome.
Cellulose synthesis. The A. capsulatum genome contained an operon with all of the genes identified as necessary for cellulose synthesis and is one of very few non-proteobacterial genomes reported to contain this operon. The two genomes from soil strains contained clear orthologs of all but one of the genes in this operon. An ortholog of the final cellulose synthesis gene (celAB) was not identified. Ellin345 and Ellin6076 both contained a glycosyltransferase family 2 gene with some sequence similarity to a UDP-forming cellulose synthase from Nitrosomonas eutropha C71 (29 and 32% amino acid identities, respectively). Their celAB genes may be too novel to define by similarity to genes of other organisms. Cellulose microfibrils have not been microscopically observed in cultures of the sequenced strains, but filaments have been observed microscopically associated with acidobacteria in soils (C. R. Kuske, unpublished data) and the two soil strains form visible "clumps" or "flocs" in liquid culture (72) .
Bacterial cellulose has been implicated in several functions related to survival in soil, including biofilm production, enhanced survival under stressful conditions by retaining hydration under dry conditions, and promoting aeration and waterholding capacity, that contribute to soil aggregate formation (85, 89) . Johnson et al. (36) suggested that cellulose synthesis by acidobacteria could promote a biofilm that enhances their abilities to adhere to ferric iron-rich substrates and to produce biofilm-forming, ferric iron-reducing "bioshrouds" to protect sulfidic mine tailings. Acidobacteria may also synthesize a network of cellulose that traps air and provides a loose network for water and nutrient percolation through the soil. Future experimental characterization of cellulose production could include testing of the ability to form microfibrils, which would enhance putative network formation.
Stress and starvation response. The genomes of all three acidobacteria contained genes that encode putative addiction modules, consisting of a toxin-and-antitoxin pair and originally described as mechanisms for maintenance of plasmids. The addiction modules may operate rapidly to inhibit the synthesis of DNA and protein in response to stress or starvation, as has been previously demonstrated by gene expression profiling of Escherichia coli growth transitions (10) . Such a response would allow the acidobacteria to make the best use of scarce resources in an environment with recurring periods of carbon and energy limitation.
Acid tolerance. The phylum Acidobacteria was named after the first cultured isolate, A. capsulatum, which was isolated from sediments in an acidic mine drainage. The phylum name implies acid tolerance or preference, and the three sequenced acidobacterial strains are moderately acidophilic. A. capsulatum grows best at a pH of 3.0 to 6.0, Ellin345 at 4.0 to 6.5, and Ellin6076 at 3.5 to 6.5, and none of the strains grow at a pH below 3 or above 6.5. All three sequenced genomes contained (6) 15 (5) Resistance-nodulation-cell division transporters
15 (3) 12 (3) 22 (3) Drug/metabolite transporters
Multidrug/oligosaccharidyllipid/polysaccharide transporters 4 (3) 4 (2) 6 (3) a The total number of transporter genes in a class is followed in parentheses by the total number of transporter families found in that class for each genome.
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Preference for an acidic pH has been found to be a trait of other subdivision 1 acidobacteria (72) but is probably not characteristic of the entire phylum. For example, acidobacterial sequences in subdivision 4 have been found to be abundant in soils of neutral or alkaline pH (in 12 different soils) but their presence was variable in soils with pHs below 5.4, and they were not detected in soils with pHs of less than 4.0 (3). In addition, multiple members of the phylum Acidobacteria have been found to be abundant in alkaline soils (18, 19) .
Novel genome traits. The acidobacterial genomes include novel features that are abundant and that set the members of this phylum apart from those of other bacterial phyla. In most cases, the functions of these genes are not known or completely described and further investigation of protein structure and function is needed to link them to physiology and environmentally relevant functions.
One family of duplicated orphan permeases is mostly restricted to the acidobacteria, with a particular expansion in Ellin6076. These permeases are transport proteins that contain two efflux ABC transporter permease domains (PF02687) and lack the typical ATP-binding subunit. The orphan permeases are found, in every case, as members of a gene pair also containing a member of a PadR transcriptional regulator subfamily unique to the acidobacteria. The unusual configuration of this gene pair suggests a role in transport (either passive or powered by a mechanism not requiring an ATP-binding cassette) and/or signaling.
The Ellin6076 genome contained at least 45 high-molecularweight proteins of unknown function that were predicted to be extracellular or cell surface proteins. Abundant genes in this same class (n ϭ 74) have been found in Cytophaga hutchinsonii, where it was suggested that they may be part of the cell-bound cellulolytic machinery (91) . Ellin6076 may also have specialized protein-targeting capabilities.
The Ellin6076 genome also contained the highest number of PEP-CTERM proteins (n ϭ 61) yet reported in any microbial genome. PEP-CTERM appears to be a transpeptidase-mediated protein export signal associated with EPS biosynthesis (29) . The gene for the predicted PEP-CTERM sorting enzyme EpsH typically is found within EPS loci, and there are three copies in the genome of Ellin6076. The PEP-CTERM proteins themselves are postulated to add a proteinaceous component to extracellular material (29) . In 63 bacterial species across 47 genera, an individual genome encodes either cellulose biosynthesis (29 species) or the PEP-CTERM system (34 species), but not both. The acidobacteria, with cellulose biosynthesis in A. capsulatum but EpsH/PEP-CTERM in Ellin6076, now join the alphaproteobacteria, betaproteobacteria, and gammaproteobacteria as subdivisions with at least one example of each. The disjointed distribution of these two systems supports the hypothesis that they have chemically distinct but functionally similar roles.
Summary and future directions. The three acidobacterial genomes are only distantly related to other organisms in the domain Bacteria. For this reason, annotating acidobacterial genes based on similarity to species in other bacterial phyla was challenging due to the often low percent similarities. Physiological studies on the acidobacteria and members of other diverse phyla are sorely needed to enable more accurate annotation of genes by function. Without functional studies, the wealth of genomic data becoming available is of diminished use.
This comparative genomic study of members of the phylum Acidobacteria has demonstrated the monophyly and phylogenetic position of the phylum and has identified distinguishing genomic features that may predict their metabolic capabilities and lifestyle in soils. They share traits with the Proteobacteria but also with the Cyanobacteria and Fungi. The bacterial species falling within the phylum Acidobacteria are very diverse, and the acidobacteria are abundant in soils that differ greatly in physical and chemical characteristics (7, 18, 19) . It is therefore difficult to generalize metabolic traits across the phylum based on only these three genomes.
The three sequenced species are aerobic heterotrophs typified by a low rRNA copy number and slow growth in culture. They have only been culturable in low-nutrient media. The presence of copious extracellular slime in cultures and the potential ability to synthesize extracellular cellulose suggest an ability to withstand cycles of drying and rehydration. These strains potentially have the ability to use a wide variety of carbon substrates that include complex substrates, and they rely on low-specificity and high-affinity sugar transporters. These culture and genomic traits are all consistent with a broad metabolic capability and a lifestyle suited to slow growth in nutrient-limited environments. Such a lifestyle would be characterized by the use of substrates at low concentrations, catalytic enzymes with high substrate affinities and low V max characteristics, and slow cell turnover rates (25) . In this lifestyle, individual cells might remain metabolically active or survive in soil for long periods of time, with individual bacterial cells dividing only a few times per year in soil (31) . Based on the combination of physiological and genomic evidence, we postulate that cells of these isolates are long-lived, divide slowly, exhibit slow metabolic rates under low-nutrient conditions, and are well equipped to tolerate fluctuations in hydration. Experimental validation of these predictions will reveal how acidobacterial activities affect soil quality through organic matter decomposition, nutrient cycling, and the formation of soil aggregates.
The genome results have not identified a single major factor that would allow simpler or more rapid cultivation of members of this phylum. Indeed, our difficulty in culturing these bacteria may be due more to our lack of patience and the inability of acidobacteria to compete in culture with other species than to a lack of appropriate nutritional conditions. A wider variety of cultured representatives may be difficult to achieve but, together with continued comparative genomic and gene expression analyses, would contribute significantly to our understanding of this diverse and environmentally abundant phylum.
